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Cohesion between sister chromosomes
is a critical mechanism used by eukaryotic
cells to accomplish accurate chromosome
segregation. As an analogy, imagine that
you are struck one day by the (inexplica-
ble) urge to segregate all your socks into
two equal piles. The task will be much
easier if you previously took the time to
pair them up before tossing them in your
dresser drawer. Similarly, keeping sister
chromosomes together following DNA
replication allows them to be efficiently
sorted during cell division. In mitosis,
cohesion at centromeres promotes bi-
orientation of sister kinetochores by coun-
teracting the pulling forces of microtubules
emanating from opposite spindle poles. In
meiosis, cohesion between chromosome
arms facilitates segregation of recombined
homologues during meiosis I by stabilizing
the physical linkages (chiasmata) between
them, and cohesion between centromeres
is essential for accurate segregation of
sisters in meiosis II [1,2]. A study by
Moshkin and colleagues in this issue of
PLOS Genetics [3] sheds new light on how
these processes are regulated.
Cohesion is brought about by ring-
shaped cohesin complexes, which contain
Smc1, Smc3, a kleisin (mainly Rad21/
Scc1in mitosis and Rec8 in meiosis), and
an associated SA/Scc3 subunit. In many
animals, cohesion removal in mitosis
occurs in two steps (Figure 1A). First, in
the ‘‘prophase pathway,’’ phosphorylation
of SA by kinases such as Polo triggers non-
proteolytic removal of cohesin from chro-
mosome arms. This promotes removal of
the bulk of cohesin from the arms but,
importantly, does not dissolve cohesion at
centromeres. Later, once chromosomes
are bi-oriented and the spindle checkpoint
is satisfied, a proteolytic cohesion removal
system is let loose: Separase cleaves the
Rad21/Scc1 subunit of the remaining
chromosome-bound cohesin, triggering
chromosome separation and allowing ana-
phase [1]. In meiosis, removal of cohesin
also occurs by a two-step process but, in
contrast to mitosis, both steps require
separase activity (Figure 1B). During
meiosis I, separase cleaves Rec8 on the
arms, leading to resolution of chiasmata
and disjunction of homologues. Rec8 at
centromeres is not cleaved until meiosis II,
when the sisters separate, finally giving rise
to a haploid gamete [1,2].
Although the two-step removal systems
in mitosis and meiosis are distinct, a
common protein complex is implicated in
protecting centromeric cohesion during
the first step in both cases. Shugoshin/
MEI-S332 family proteins collaborate
with the phosphatase PP2A to prevent
cohesin removal at centromeres [2,4]. In
mitosis, shugoshin-PP2A complexes antag-
onize SA phosphorylation by mitotic
kinases, preventing removal by the pro-
phase pathway (Figure 1A). In meiosis,
shugoshin-PP2A antagonizes phosphoryla-
tion of Rec8, preventing cleavage by
separase (Figure 1B) [2,4]. A key question
has been: What subsequently allows cen-
tromeric cohesion to be cleaved by
separase in the second step? One proposed
model is that, in response to tension across
bi-oriented sister kinetochores, shugoshin-
PP2A complexes move away from cohesin
complexes at inner centromeres, making
cohesin susceptible to removal by separase
[5,6]. Newly published studies, described
below, propose two additional (related)
mechanisms that target PP2A to make
cohesin sensitive to removal.
Chambon et al. suggest that an inhibitor
of PP2A, known as SET (or I2PP2A or
TAF-I) [7], is required to inactivate
shugoshin-PP2A [8]. They reported, as
in previous proteomic studies, that SET is
found in a complex with shugoshin, and
that it more clearly co-localizes with
shugoshin, PP2A, and cohesin at inner
centromeres in meiosis II than in meiosis I.
Morpholino-based depletion of SET from
mouse oocytes caused some sister chro-
mosomes to fail to separate in meiosis II
[8]. Qi et al. reported similar findings [9].
In this case, SET depletion by RNAi did
not detectably alter chromosome segrega-
tion in mouse oocytes, but overexpression
of SET led to precocious sister separation
in meiosis I. These results are broadly
consistent with a model in which SET
inhibits PP2A in meiosis II to allow Rec8
phosphorylation and cleavage by separase
(Figure 1B).
SET is a member of a widely conserved
family of proteins related to nucleosome
assembly protein-1 (Nap1), which all form
a distinctive ‘‘earmuff-like’’ structure.
These include human and Drosophila
SET, Vps75 in budding yeast, and the
Nap1 proteins (e.g. six Nap1-like proteins
in humans, Nap1 in Drosophila, and yNap1
in yeasts) [10,11]. SET and Nap1 have
both been extensively studied as histone
chaperones; they can also associate with
histone acetyltransferases (Vps75) and
histone deacetylases (Nap1), and SET is
a component of INHAT, an inhibitor of
histone acetyltransferases [10–12]. It is
notable that neither Chambon et al., nor
Qi et al., formally showed that it is the
ability of SET to inhibit PP2A activity that
modulates cohesion. Therefore, a number
of questions remain unanswered. Is SET
really acting as a PP2A enzyme inhibitor?
If so, does a similar mechanism exist in
mitosis or in other organisms? Do the
related Nap1 proteins play similar roles?
The new study in this issue [3] expands on
these points.
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Moshkin et al. identified cohesin subunits
in Drosophila Nap1 immunoprecipitates,
and found that the genome binding sites
of Nap1 resemble those of cohesin in
ChIP-chip experiments [3]. Depletion or
deletion of Nap1 caused increased chro-
mosomal localization of PP2A, shu-
goshin/MEI-S332, and cohesin, and pre-
vented the normal separation of
chromosome arms in early mitosis. Based
on this, and the movement of Nap1 into
the nucleus in prophase, the ability of
recombinant Nap1 to displace PP2A from
cohesin complexes in vitro, and the ability
of PP2A depletion or overexpression to
reverse the cohesion defects caused by
Nap1 depletion or overexpression, Mosh-
kin et al. propose that Nap1 displaces
PP2A from binding to cohesin. In this
way, Nap1 increases cohesin phosphory-
lation and release by (presumably) the
prophase pathway in mitosis, without
necessarily inhibiting the enzyme activity
of PP2A (Figure 1A).
Together, these three studies reveal that
SET and Nap1 proteins regulate cohesion
in meiosis and mitosis in more than one
organism, and leave us with a variety of
proposed ways in which the ‘‘guardian
spirit’’ of cohesion (shugoshin-PP2A) can
be relieved of its duties. It will now be
interesting to determine if the different
conclusions reached about the mechanism
of SET and Nap1 action on PP2A reflect
differences between the two proteins,
between mice and flies, between meiosis
and mitosis, or simply our currently
incomplete understanding. Is counteract-
ing PP2A action the only or main way in
which these proteins regulate cohesion, or
could their histone chaperone activity, or
binding to histone-modifying enzymes,
play a role? The future use of separation
of function mutants of Nap1 and SET will
likely help answer these questions. What
normally restricts SET activity to meiosis
II, and might cyclin A2–dependent kinases
[13] contribute? Does SET function in
mitosis? Does Nap1 play a role in meiosis,
or influence centromeric cohesion in late
mitosis? To what extent do tension-
dependent shugoshin-PP2A relocation
[5,6] and PP2A inactivation [3,8,9] col-
laborate at centromeres? Because Nap1
can modulate gene expression, and cohe-
sin itself may play a role in transcriptional
regulation [1,12], it will also be useful to
exclude indirect effects on cell division.
Chromosome segregation defects cause
a range of problems, including chromo-
some instability and aneuploidy in cancer
and, if they occur in meiosis, infertility,
miscarriage, and birth defects [14,15].
Cohesin gene mutations in cancer [16]
and loss of sister chromosome cohesion in
aged oocytes [15,17,18] may underlie
Figure 1. Models for regulation of chromosome cohesion in mitosis and meiosis. (A) In mitosis, cohesin (red rings) is phosphorylated and
removed from chromosome arms by the ‘‘prophase pathway.’’ In this issue, Moshkin et al. provide evidence that Nap1 (blue) can displace PP2A
(green) from cohesin to further promote cohesin release from chromosomes [3]. Cohesin at centromeres is protected by shugoshin-PP2A (yellow)
until the metaphase–anaphase transition, when tension across bi-oriented sister kinetochores leads to the movement of shugoshin-PP2A away from
cohesin at inner centromeres, allowing cohesin to be cleaved by separase [6]. It is not known if Nap1 has a role at this stage. (B) In meiosis I,
phosphorylated cohesin linking sister chromosome arms is cleaved by separase, allowing recombined homologues to segregate. Cohesin at
centromeres, however, is protected by shugoshin-PP2A, so that sister chromosomes remain together. In meiosis II, as in mitosis, the movement of
shugoshin-PP2A away from inner centromeres on bi-oriented chromosomes allows cohesin between sisters to be phosphorylated and cleaved by
separase [5,6]. Recent work from Chambon et al. and Qi et al. is consistent with the view that the Nap1-related protein SET (orange) relocates to inner
centromeres in meiosis II to inhibit PP2A and provide an additional means to encourage cohesin phosphorylation and cleavage by separase [8,9].
doi:10.1371/journal.pgen.1003829.g001
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some of these defects. Further understand-
ing of cohesion regulation, including the
newfound contribution of Nap1 and SET, may enhance our ability to prevent and
treat these conditions.
References
1. Nasmyth K, Haering CH (2009) Cohesin: its roles
and mechanisms. Annu Rev Genet 43: 525–558.
doi: 10.1146/annurev-genet-102108-134233.
2. Watanabe Y (2012) Geometry and force behind
kinetochore orientation: lessons from meiosis. Nat
Rev Mol Cell Biol 13: 370–382. doi: 10.1038/
nrm3349.
3. Moshkin YM, Doyen CM, Kan TW, Chalkley
GE, Sap K, et al. (2013) Histone chaperone
NAP1 mediates sister chromatid resolution by
counteracting protein phosphatase 2A. PLOS
Genet 9: e1003719. doi: 10.1371/journal.
pgen.1003719.
4. Clift D, Marston AL (2011) The role of shugoshin
in meiotic chromosome segregation. Cytogenet
Genome Res 133: 234–242. doi: 10.1159/
000323793.
5. Gomez R, Valdeolmillos A, Parra MT, Viera A,
Carreiro C, et al. (2007) Mammalian SGO2
appears at the inner centromere domain and
redistributes depending on tension across centro-
meres during meiosis II and mitosis. EMBO Rep
8: 173–180. doi: 10.1038/sj.embor.7400877.
6. Lee J, Kitajima TS, Tanno Y, Yoshida K, Morita
T, et al. (2008) Unified mode of centromeric
protection by shugoshin in mammalian oocytes
and somatic cells. Nat Cell Biol 10: 42–52. doi:
10.1038/ncb1667.
7. Li M, Makkinje A, Damuni Z (1996) The myeloid
leukemia-associated protein SET is a potent
inhibitor of protein phosphatase 2A. J Biol
Chem 271: 11059–11062. doi: 10.1074/jbc.
271.19.11059.
8. Chambon JP, Touati SA, Berneau S, Cladiere D,
Hebras C, et al. (2013) The PP2A inhibitor
I2PP2A is essential for sister chromatid segrega-
tion in oocyte meiosis II. Curr Biol 23: 485–490.
doi: 10.1016/j.cub.2013.02.004.
9. Qi ST, Wang ZB, Ouyang YC, Zhang QH, Hu
MW, et al. (2013) Overexpression of SETb, a
protein localizing to centromeres, causes preco-
cious separation of chromatids during the first
meiosis of mouse oocytes. J Cell Sci 126: 1595–
1603. doi: 10.1242/jcs.116541.
10. Eitoku M, Sato L, Senda T, Horikoshi M (2008)
Histone chaperones: 30 years from isolation to
elucidation of the mechanisms of nucleosome
assembly and disassembly. Cell Mol Life Sci 65:
414–444. doi: 10.1007/s00018-007-7305-6.
11. Das C, Tyler JK, Churchill ME (2010) The
histone shuffle: histone chaperones in an energetic
dance. Trends Biochem Sci 35: 476–489. doi:
10.1016/j.tibs.2010.04.001.
12. Moshkin YM, Kan TW, Goodfellow H, Bezstar-
osti K, Maeda RK, et al. (2009) Histone
chaperones ASF1 and NAP1 differentially mod-
ulate removal of active histone marks by LID-
RPD3 complexes during NOTCH silencing. Mol
Cell 35: 782–793. doi: 10.1016/j.molcel.2009.
07.020.
13. Touati SA, Cladiere D, Lister LM, Leontiou I,
Chambon JP, et al. (2012) Cyclin A2 is required
for sister chromatid segregation, but not separ-
ase control, in mouse oocyte meiosis. Cell Rep
2: 1077–1087. doi: 10.1016/j.celrep.2012.10.
002.
14. Bakhoum SF, Compton DA (2012) Chromosomal
instability and cancer: a complex relationship
with therapeutic potential. J Clin Invest 122:
1138–1143. doi: 10.1172/JCI59954.
15. Nagaoka SI, Hassold TJ, Hunt PA (2012) Human
aneuploidy: mechanisms and new insights into an
age-old problem. Nat Rev Genet 13: 493–504.
doi: 10.1038/nrg3245.
16. Solomon DA, Kim T, Diaz-Martinez LA, Fair J,
Elkahloun AG, et al. (2011) Mutational inactiva-
tion of STAG2 causes aneuploidy in human
cancer. Science 333: 1039–1043. doi: 10.1126/
science.1203619.
17. Chiang T, Duncan FE, Schindler K, Schultz RM,
Lampson MA (2010) Evidence that weakened
centromere cohesion is a leading cause of age-
related aneuploidy in oocytes. Curr Biol 20:
1522–1528. doi: 10.1016/j.cub.2010.06.069.
18. Lister LM, Kouznetsova A, Hyslop LA, Kalleas
D, Pace SL, et al. (2010) Age-related meiotic
segregation errors in mammalian oocytes are
preceded by depletion of cohesin and Sgo2. Curr
Biol 20: 1511–1521. doi: 10.1016/j.cub.2010.
08.023.
PLOS Genetics | www.plosgenetics.org 3 September 2013 | Volume 9 | Issue 9 | e1003829
